Abstract. We studied the effects of heavy and prolonged rainfall associated with four El Niñ o events on the reproduction of Darwin's finches on the Galápagos island of Daphne Major. Rainfall varied in the El Niñ o years from 195 mm to 1359 mm, exceeding the maximum in the other years by 40% to 1000%. Two species were studied: Geospiza fortis, Medium Ground Finch, and G. scandens, Cactus Finch. Almost all eggs, nestlings, and fledglings produced by banded females were recorded in the El Niñ o years of 1983, 1987, 1991, and 1998. Finch production in these years was compared with production in 10 other years of breeding in the period [1976][1977][1978][1979][1980][1981][1982][1983][1984][1985][1986][1987][1988][1989][1990]; there was no breeding in three drought years, 1985, 1988, and 1989. Breeding differed in the two sets of years in several ways. More broods were produced in El Niñ o years than in non-El Niñ o years (maximum 10 clutches per female vs. five clutches), the period of breeding was longer (maximum eight months vs. four), average clutch sizes (range 2-6 eggs) were distinctly larger (four vs. three), and average egg and fledgling production per female was larger by a factor of four. The two species differed in some features of breeding, but differences were minor in comparison with the marked seasonal and annual variation. Finch production varied among El Niñ o years, being greatest in the year of most rain over the longest period (1983), and least in the next wettest year (1998). The surprisingly low production in 1998 is attributed in part to interactions with other finches, and in part to exceptionally high temperatures. Temperature, although postively correlated with rainfall, had an independent negative effect upon hatching and overall breeding success of G. fortis. Breeding by both species in the year of birth (hatch) occurred in two El Niñ o years with the most extended wet seasons: 1983 and 1987. Young breeders had lower clutch sizes and breeding success than did contemporaneously breeding older birds.
INTRODUCTION
Environments are heterogeneous in space and time; therefore, population processes such as births and deaths are also likely to be heterogeneous in space and time. Establishing the causal links between the two sets of heterogeneities is best accomplished by controlled experimental perturbations of natural processes. Depending on their scale and complexity, experiments may be limited by low statistical power, excessive costs, or infeasibility. The alternative (or complementary) approach is to quantify ecological processes that are naturally perturbed, preferably with replicated perturbations, and to test causal hypotheses statistically with the resulting data. El Niñ o events recurring during long-term field studies are highly suitable for this task.
El Niñ o events are large-scale perturbations of varyManuscript received 12 January 1999; revised 9 August 1999; accepted 16 August 1999. ing strength, occurring in the tropical eastern Pacific, but affecting extratropical regions as well, and recurring at sufficiently short intervals to provide replication in both time and space. They are major departures from normal oceanographic conditions that are coupled to the Southern Oscillation of atmospheric pressure across the Pacific Ocean (Philander 1990 , Kerr 1999 , Timmermann et al. 1999 . They are recognized and classified by anomalously high sea surface temperatures, and are accompanied by heavy and prolonged rain in equatorial areas in the eastern Pacific. At the same time, some areas experience drought, owing to atmospheric teleconnections between them and the areas directly affected by the perturbation. For marine organisms, El Niñ o events cause widespread mortality and exceptional dispersal outside normal breeding and feeding ranges because of food shortages caused by high sea temperatures and reduced ocean upwellings (Barber and Chavez 1986, Glynn 1988, Wikelski and Trillmich 1997). For terrestrial organisms, their effects vary according to whether a local region is affected by heavy rains or by drought (Wright et al. 1999) . The former may foster unusual reproduction (Polis et al. 1997) , whereas the latter may cause severe mortality (Hubbell and Foster 1990) .
The equatorial Galápagos archipelago lies in the region of El Niñ o influence that produces heavy rain and unusually high air temperatures. Different components of its biota suffered or prospered in the El Niñ o event of 1983 (Robinson and del Pino 1985) that began in late 1982 and continued for eight months. It has been described as the most severe event of the century (Cane 1983) , possibly of the last 400 years (Glynn 1988) . Its effects were experienced throughout the archipelago and, hence, were replicated in space. For example, populations of Darwin's finches on two widely separated islands, Genovesa Grant 1987, 1989) and Daphne Major (Gibbs and Grant 1987a) , responded in the same way to heavy rain and a prolonged wet season . Clutch sizes were elevated and finches bred repeatedly. As a result, the breeding season was much longer than usual and population sizes increased during the season by a factor of ϳ10. On Daphne Major, where almost all birds had been uniquely banded prior to 1983, the extended breeding season permitted recruitment to the breeding population of birds born earlier in that year (Gibbs et al. 1984, Gibbs and Grant 1987a) .
The specific effects of the El Niñ o conditions were known by comparing breeding in 1982-1983 with breeding in preceding and succeeding years. Since that study, there have been six years with El Niñ o events, as classified by oceanographic criteria. The study on Daphne Major (Plate 1) has been continued throughout this period up to the present time. Data obtained in three of the years are sufficiently extensive for comparison with the El Niñ o event of [1982] [1983] and with 10 other years of breeding. The two purposes of this paper are (1) to compare finch production in El Niñ o and non-El Niñ o years, and (2) to quantify and interpret variation in production among El Niñ o years. We examine the possibility that two species with different diets and territory systems show different responses to El Niñ o conditions.
METHODS
Daphne Major is a small island (ϳ34 ha) approximately in the center of the archipelago and ϳ8 km from the central large island of Santa Cruz (Grant 1999) . It has a maximum elevation of 120 m, supports a droughtdeciduous vegetation with Opuntia cactus, and experiences a hot wet season, typically in the first four months of the year, and a dry cooler season for the remainder of the year. Four finch species breed on the island, mainly the Medium Ground Finch Geospiza fortis, a generalist granivore, and the Cactus Finch G. scandens, which is a cactus-feeding specialist more strongly dependent on its territory for food than is G. fortis. In the years 1976-1991 and 1998, numbers of breeding females varied from 60 (1979) to ϳ250 (1976) for G. fortis, and from 18 (1991) to 115 (1983) for G. scandens. The other two species, the granivorous Small Ground Finch G. fuliginosa and the Large Ground Finch G. magnirostris, were either rare throughout (G. fuliginosa) or only became breeders during the study (G. magnirostris), beginning from just a few pairs in 1983 Grant 1995a, 1996) . These latter two species are considered only briefly at the end of the Results.
An annual breeding study of finches on this island was begun in 1976 and has continued to the present. Methods of study have remained basically unchanged. They have been reported in detail in previous publications (Boag and Grant 1984 , Millington and Grant 1984 , Gibbs and Grant 1987a , b, Grant and Grant 1992a , and will be only summarized here.
Breeding began in November or December 1982 at the start of an El Niñ o event, but in all other years it started in January, February, or March, following the onset of rain with little or no delay. In the years 1976-1991, almost all nests on the island were found and flagged throughout the breeding season during nest construction, incubation, or, rarely, the nestling phase. From 1992 to 1997, breeding was studied intensively for only 3-6 weeks. Breeding was again studied throughout the breeding season of 1998, except for January, when an estimated 5-10% of pairs attempted to breed. In this year, the study was concentrated on, but not restricted to, nests of banded birds (ϳ12%). Contents of nests were checked regularly, usually at 2--4 d intervals, to determine laying date, clutch size, hatching success, and fledging success. Young were banded and weighed at day 8 after hatching. Their parents were identified by observation. Molecular genetic assessment of parentage in G. scandens on this island has shown that all female parents and 92% of male parents are correctly identified by observation (Petren et al. 1999) . Preliminary analysis of G. fortis data give similar results (L. F. Keller, unpublished observations), therefore the production of offspring by identified females is accurately determined by observation.
Finches were banded as adults or nestlings. The percentage of banded birds among the breeders of all species combined had reached 90% by 1980 (N ϭ 265 breeders), and reached 100% in 1992 (N ϭ 336 breeders). After 1992, only a small percentage of nestlings were banded, and by 1998 the percentage of banded birds had fallen to Ͻ20%. Numbers of banded adults were determined by a combination of standardized visual censuses in January and February and mapping of territory owners in each year. Numbers of birds without bands were estimated from their percentages in the censuses (Caughley 1977, Gibbs and Grant 1987a) . Unless otherwise stated, individuals that bred in their year of birth (hatch) were excluded from the analyses. Also excluded were the small number of G. scandens pairs, usually Ͻ10, that bred at the end of the dry season Grant 1984, Grant 1996) .
Interbreeding has occurred rarely (Ͻ5%), but persistently, between G. fortis on the one hand and G. fuliginosa and G. scandens on the other (Grant 1993 ). Since 1983, there has been no detectable fitness loss in either survival or reproduction (Grant and Grant 1992b) . Therefore, backcrosses have been added to the species to which the hybrid backcrossed. F 1 hybrids have been added to the species of their father because paternal song plays a large role in determining the backcrossing pattern Grant 1997, 1998) .
Seeds form a staple item of nestling diets (Boag and Grant 1984) , and arthropods are fed to them in proportion to their availability. Arthropod availability is highest, and for the longest period, in El Niñ o years (Gibbs and Grant 1987a , Grant and Grant 1987 . Arthropod sampling was carried out weekly or once every two weeks in all years except 1976 and 1982 in four ways: in 1977-1978 , by sweep-netting for 5 min three times (Boag and Grant 1984); in 1979 -1981 , by collecting as many caterpillars as possible in 20 min of search devoted to Bursera graveolens foliage and another 20 min to Portulaca howellii flowers (Millington and Grant 1983); -1991 , by searching all vegetation for 5 min (Gibbs and Grant 1987a) ; and in 1998, by sweep-netting 11 species of plants 10 times each. Following the procedure in Gibbs and Grant (1987a) , we used standardization factors to adjust all values to numbers of arthropods collected per 5-min period. No attempt was made to discriminate among caterpillars of different sizes.
Rainfall was measured daily in a rain gauge. The gauge was checked occasionally at 1-3 mo intervals outside the breeding season when we were not on the island. Daily air temperature minima and maxima in the shade were also recorded. They were similar to those recorded at a weather station at the Charles Darwin Research Station on Santa Cruz Island, although much less extensive. Mean monthly air temperatures on Daphne and Santa Cruz were positively correlated (r ϭ 0.678, P ϭ 0.0001) across 24 months (JanuaryMay) in 1988-1998. We used the average of the daily maxima (at 1200 hours) and minima (at 0600 hours) for the warmest two successive months of a year at the Research Station on Santa Cruz as an air temperature index for each breeding season on Daphne.
RESULTS

Temperature and rainfall
El Niñ o events result from a weakening of the trade winds and the incursion of anomalously warm water to the archipelago. This causes air temperatures to rise. As a result of the sea-air temperature connection, a linear relationship exists between the average daily air temperature of the warmest two successive months and FIG. 1. Average daily maximum air temperature of the warmest two successive months of a year on Santa Cruz Island, Galpagos (1965 ) is a function of the average daily sea temperature of those months at the same location (upper panel). Annual rainfall on Daphne (1976 Daphne ( -1998 ) is a function of the average daily sea temperature (middle panel) and of average daily maximum air temperatures (lower panel) recorded on Santa Cruz Island in the warmest two successive months of the year. Seven years of El Niñ o conditions are shown by open circles. Notice that conditions in four of those years (1983, 1987, 1992, 1998 , labeled with two digits) were clearly extreme, whereas conditions in three others (1991, 1993, and 1997, unlabeled open circles) were not markedly different from the warmest and wettest of the non-El Niño years (solid circles).
the average daily sea temperature of those months (r 2 ϭ 0.536; Fig. 1 ). Moisture-laden hot air rises and cools, and rain falls repeatedly and often heavily. Variation in rainfall among all years, El Niñ o and non-El Niñ o, is strongly correlated with variation in the highest temperatures of both sea (r 2 ϭ 0.604) and air (r 2 ϭ 0.520; Fig. 1 
Arthropod food
Finches consume caterpillars and other larvae, aphids, spiders, and other arthropods, and feed them to nestlings. Caterpillar numbers varied in relation to annual variation in primary production, which in turn was governed by rainfall (Figs. 4 and 5) . Annual variation in mean caterpillar numbers is well predicted by annual variation in rainfall (N ϭ 15 years, r 2 ϭ 0.935, P ϭ 0.0001) and, separately, by average daily temperature in the warmest months (r 2 ϭ 0.555, P ϭ 0.0014). To assess the independent effects on caterpillar numbers of rainfall and temperature, which are intercorrelated (r ϭ 0.767, P ϭ 0.0004), we performed a multiple regression analysis after first transforming rainfall logarithmically to normalize the distribution and reduce the variance. The regression was highly significant (F 2,12 ϭ 22.273, P ϭ 0.0001, r 2 ϭ 0.788). Partial regression coefficients for rainfall (b ϭ 4.798 Ϯ 1.321, mean Ϯ 1 SE; t ϭ 3.632; P ϭ 0.0034) and temperature (b ϭ 8.529 Ϯ 3.097; t ϭ 2.754; P ϭ 0.0175) were positive and significant.
Caterpillar numbers imperfectly reflect their biomass and, hence, their energy content. In 1979-1981, both numbers (Millington and Grant 1983) and dry biomass (Price 1985) were determined for caterpillars collected on Bursera and Portulaca. Biomass and numbers were positively correlated in the combined sample (r ϭ 0.669, N ϭ 41, P ϭ 0.0001), as well as in the separate samples from Portulaca (r ϭ 0.654, N ϭ 29, P ϭ 0.0001) and Bursera (r ϭ 0.680, N ϭ 12, P ϭ 0.015).
Finch production
We analyze finch production in three ways: first by contrasting production in El Niñ o years with other years (see Fig. 3 legend), then by examining variation among the El Niñ o years only, and finally by combining the data from all years and seeking statistical explanation of the total variation. We considered each breeding attempt and performance at each stage of breeding to be independent responses of finches to an environment that changes through time.
El Niño vs. non-El Niño years
Productivity.-Annual production of eggs and fledglings per identified (banded) female was much higher in El Niñ o years than in non-El Niñ o years (Table 1) eggs, on average, than did G. fortis females in El Niño years, but fewer than G. fortis in non-El Niñ o years. In a two-factor ANOVA of species and year type, there was a significant difference between the species (F 1, 1319 ϭ 7.892, P ϭ 0.005) and a more strongly significant interaction between species and the year factor (F 1, 1319 ϭ 9.610, P ϭ 0.002).
Differences in fledgling production between El Niñ o and non-El Niñ o years parallel those in egg production, with a fourfold difference between the two groups of years for each species. In a two-factor ANOVA, the effect of year type was significant (P Ͻ 0.0001), whereas the effect of species and the species ϫ year interaction were not significant (P Ͼ 0.1).
Production was high in El Niñ o years because favorable conditions for breeding persisted for many months, as a result of rain falling either in many months or in a few months (e.g., 1991), but heavily (Fig. 3) . A second factor is the enlarged clutch sizes when breeding conditions are best. These two variables are considered separately in the following section.
Duration of breeding.-Repeated breeding by successful breeders occurs at intervals of ϳ30 d; the egg phase of breeding lasts for Ͻ16 d and the nestling phase lasts for Ͻ14 d Grant 1984, Gibbs and Grant 1987a) . We refer to all clutches begun in a 30-d period as a brood, the first brood beginning with the first egg laid after the onset of rain. In the El Niñ o years, 4-8 broods were produced, whereas in the non-El Niño years, the number varied from one to four. This comparison excludes the drought years of 1985, 1988, and 1989 , when no reproduction occurred.
The number of broods per year is a function of the number of months of rain in the eight years, 1982-1991 and 1998 , for which we have monthly records (r ϭ 0.948, N ϭ 8, P Ͻ 0.0003). For these eight years, the annual total rainfall is tightly correlated with the number of months of rainfall Ͼ15 mm (r ϭ 0.985, N ϭ 8, P Ͻ 0.0001); 15 mm is needed for caterpillar production. As a result, the number of broods is strongly correlated with total rainfall (r ϭ 0.939, N ϭ 8, P Ͻ 0.0005). Relationships between the average number of broods per female and rainfall in the full data set of 14 years for the two species are shown in Fig. 6 (upper panel). Analysis of the number of clutches per female gives similar results, whether all clutches are considered or only those producing at least one nestling, thereby eliminating repeat clutches following complete hatching failure.
Mean clutch sizes.-Clutch sizes, varying from two to six eggs, were distinctly higher in El Niñ o years than in non-El Niñ o years (Fig. 6, lower panel) . The only years in which clutches of six eggs were produced were the El Niñ o years of 1983 (both species), 1987, and 1991 (G. fortis). The modal clutch was four in each of the El Niñ o years and three in all non-El Niñ o years, with three exceptions: for G. scandens it was three in 1998, and for both species it was four in the non-El Niñ o years of 1978 and 1981. Fig. 7 shows the magnitude of the differences between clutch sizes in El Niñ o and non-El Niñ o years, their persistence across broods, and the fact that the elevated clutch sizes in El Niñ o years remained larger than the maximum in nonEl Niñ o years until the fifth or sixth broods.
Differences between mean clutch sizes in El Niñ o years and non-El Niñ o years are demonstrated by the results of a three-factor ANOVA, the factors being species (G. fortis vs. G. scandens), years (El Niñ o vs. nonEl Niñ o), and broods (1-3 only, always matched for species). All main effects were significant, with years having the strongest effect and species the weakest (Table 2). The only significant interaction was between years and broods; variation among broods differs between El Niñ o and non-El Niñ o years. The absence of significant interactions between species and the other two factors indicates a consistent difference between the species that is not dependent upon years or broods.
Breeding success.-On average, about half of the eggs yielded fledglings (Table 3) . Success in breeding per nesting attempt (brood) can be decomposed into two components; the fractional conversion of eggs to nestlings (hatching success) and of nestlings to fledglings (fledging success) ( Table 3 ). The species differed in these two measures of success much more in nonEl Niñ o years than in El Niñ o years; G. fortis had lower hatching success but higher fledging success than G. scandens in non-El Niñ o years (Table 3) . Success in the two groups of years was statistically assessed with Ecology, Vol. 81, No. 9 FIG. 5 . Annual variation in caterpillar numbers, shown as mean ϩ 1 SE of a variable number of weekly or biweekly samples against a histogram background of annual variation in rainfall. arcsine square-root transformed fractions in two-factor ANOVA that excluded birds breeding in the year of birth (Table 4) . These show pronounced differences at hatching between years and species. A highly significant interaction indicates that the difference between the species depended on year type. A small difference at fledging occurred between species, but not between years, and was opposite in direction to the difference in hatching success. Thus, the interspecific differences tended to cancel, with the result that the species did not differ in overall breeding success. Breeding success did not vary significantly among years either, but there was a significant interaction between species and years, with G. fortis having higher success in El Niñ o years than in non-El Niñ o years, and the opposite applying to G. scandens.
Hatching and fledging success were not at their highest values in any El Niñ o year for either species (Fig.  8) . Their lowest values occur in the driest years. Fledgling production was not a simple function of how many eggs are laid (Fig. 7) .
Variation among El Niño years
Despite the consistent differences between El Niño and non-El Niñ o years in finch production, there was significant variation among El Niñ o years in six features (see Table 5 , Fig. 9 ). Differences between species are indicated in Table 5 .
Mean egg and fledgling production.-First, in each species, mean egg production of females differed significantly among El Niñ o years (one-factor ANOVA, P Ͻ 0.0001 in each case), from high values of Ͼ20 eggs in 1983 to low values of Ͻ10 eggs in 1998. Second, in each species, fledgling production varied among years (one-factor ANOVA, P Ͻ 0.0001 in each case). The species differed in both forms of production in 1983 (Table 5) .
Mean clutch size.-Mean clutch sizes were highest in 1983, the wettest year, and lowest in 1998, the next wettest year (Table 5) .
Mean clutch size of G. scandens varied among El Niñ o years (one-factor ANOVA, F 3, 117 ϭ 4.772, P Ͻ 0.0036), being significantly higher in 1983 than in 1998 (SNK test, P Ͻ 0.05), whereas mean clutch size of G. fortis did not vary significantly among years (F 3, 309 ϭ 1.892, P ϭ 0.1309).
Mean number of clutches per female.-Mean number of clutches per female varied significantly among El Niñ o years (one-factor ANOVA, P ϭ 0.0001 in each case). The highest mean numbers in G. fortis (6.6 clutches) and G. scandens (5.7 clutches) were produced in 1983. These are two to three times higher than the lowest mean number in G. fortis (2.1 clutches) and G. scandens (2.6 clutches) in 1998. Apart from 1983, G. scandens had the larger number of clutches in each year. Differences between the species were significant, in opposite directions, in 1983 and 1987 (Table 5 ). Fig. 9 shows that the low success in 1983 resulted from a decline in hatching success as the breeding season progressed. Heavy rains may have played a role in reducing hatching success, as indicated by significant negative correlations between monthly hatching success and monthly rainfall for both G. fortis (r ϭ Ϫ0.907, N ϭ 8, P ϭ 0.0019) and G. scandens (r ϭ Ϫ0.858, N ϭ 8, P ϭ 0.0064) in 1983. In other years, with shorter breeding seasons and lower monthly rainfall, a seasonal decline in hatching success did (1998) or did not (1987, 1991) Ratcliffe et al. 1998 ).
The decline was sharpest from brood 4 to brood 5. Roughly half of the females produced clutches at both times. Total nest failures increased from 21% to 50% for the 33 G. fortis females that bred at both times, and their hatching success decreased (arcsine square-root transformed data, paired t 32 ϭ 3.63, P ϭ 0.001). Nest failures and hatching success of G. scandens varied in the same way (paired t 30 ϭ 3.463, P ϭ 0.0016). In neither species was the decline in hatching success Their production was generally lower than that of adults breeding at the same time (Table 6 ). Two-factor ANOVA for each species displayed significant brood effects on variation in egg, nestling, and fledgling production (P Ͻ 0.025-0.0001), but few differences between young and older birds (Table 6 ). In 1987, nine G. fortis and two G. scandens females bred in their year of birth (hatch). Production of eggs, nestlings, and fledglings by young G. fortis females was lower than that of adults breeding at the same time (one-factor ANOVA, P Ͻ 0.0001 in each case).
Statistical explanation of breeding variation in El Niño and non-El Niño years combined
The number of broods per female per year was strongly associated with the number of caterpillars in the years (excluding droughts) when caterpillars were sampled (G. fortis: r ϭ 0.915, P ϭ 0.0001; G. scandens: r ϭ 0.902, P ϭ 0.0001). The number of caterpillars was also correlated with the maximum average clutch sizes per female per year, which is usually the average clutch size at the time of the second brood (see Fig.  6 ); (G. fortis: r ϭ 0.774, P ϭ 0.0031; G. scandens: r ϭ 0.725, P ϭ 0.0077). Annual variation in other, less well sampled, components of nestling diest (e.g., spiders and aphids; Fig. 4 ) is consistent with these relationships. The number of caterpillars is positively and strongly correlated with annual rainfall (r 2 ϭ 0.935, P ϭ 0.0001); because we have rainfall data in more years than we have caterpillar data, we used rainfall, together with air temperature and density, in multiple regression analyses of yearly variation in breeding output and success.
There are three main results. First, rainfall had a strong positive effect, and temperature had a weaker negative effect, on the number of broods and maximum clutch sizes in both species (Table 7) . Second, total finch density had an additional negative effect on maximum clutch size in G. scandens. The magnitude of the total r 2 values for both species is noteworthy. Third, measures of success were less well predicted by these environmental variables, and none was statistically related to finch density (all P Ͼ 0.2). Rainfall was a predictor of hatching, fledging, and overall breeding success in G. fortis, but only of fledging success in G. scandens. Temperature, although positively correlated with rainfall (r ϭ 0.736, N ϭ 14, P ϭ 0.0027), had an independent negative effect on hatching and breeding success in G. fortis.
Geospiza fuliginosa and G. magnirostris
Two species were not included in the analyses just discussed because their breeding numbers were generally low. The maximum number of Geospiza fuligi- nosa pairs was seven in 1976. The number of breeding pairs of G. magnirostris exceeded 10 only after 1991 (N ϭ 27 pairs in 1998). Their breeding characteristics in 1998 were almost identical to those of G. fortis and G. scandens. They bred the same number of times (four), showed the same initial increase followed by a decrease in mean clutch size, and had the same maximum mean clutch size (4.2 Ϯ 0.18 eggs, mean Ϯ 1 SE, N ϭ 11) at the same time (brood 2) as G. fortis (4.2 Ϯ 0.12 eggs, N ϭ 25). Breeding success (0.59) was lower than that of G. fortis (0.68), and was similar to that of G. scandens (0.60).
DISCUSSION
El Niñ o events are amplifications of normal seasonal processes in the eastern tropical Pacific region. They are not discrete phenomena (Philander 1990) , and as shown in the rainfall data of this study (Fig. 1) , the effects of the weakest El Niñ o events are not much different from those of the strongest of the normal wet seasons (e.g., Fig. 6 ). On the other hand, the strongest El Niñ o events are much more intense (Fig. 1) and longer lasting than normal wet seasons. Thus, production of terrestrial organisms is expected to be greater in El Niñ o than in non-El Niñ o years, on average, and also to vary substantially among years experiencing El Niñ o events. Our results conform to both expectations. Finches, responding to the onset of rainfall with little delay in each case, bred four to eight times in El Niñ o years, instead of the usual one (or none) to four times. Females laid four times as many eggs, on average, and fledged four times as many young. They responded to increases in rain with increases in clutch sizes. The least productive El Niñ o year differed little from the most productive normal year. These results both replicate and give perspective to the extraordinary production in the extraordinarily wet year of 1983 (Robinson and del Pino 1985, Gibbs and Grant 1987a) . Notes: Significant interspecific differences by t tests are indicated with asterisks: *P Ͻ 0.05; **P Ͻ 0.01; ****P Ͻ 0.0001. There were no significant interspecific differences in 1991 or 1994. El Niñ o events lift the usual constraints on the length of the breeding season, and may be likened to the experimental manipulation of food supply through a regime of supplemental watering, while leaving other potentially influential factors either unaffected (photoperiod) or affected in a minor way (temperature). This quasi-experimental approach enables us to reject two ideas that might seem reasonable in the absence of El Niñ o events: (1) that there is an inherently fixed maximum length of the breeding season, perhaps set by an annual program of molting, for example (Hahn et al. 1997) , and (2) that finches require at least a year to mature and become proficient breeders. Instead, the length of the breeding season appears to be governed by a food supply that is replenished for as long as the rain continues, or even longer (e.g., 1991), and finches are capable of breeding at an age of three months (Gibbs et al. 1984, Gibbs and Grant 1987a) . Early breeding is noteworthy because many temperate zone birds exhibit a ''juvenile refractoriness'' that prevents them from breeding for about a year (under natural conditions) (Nicholls et al. 1988) , although crossbills (McCabe and McCabe 1933) and Zebra Finches (Zann 1996) , which are opportunistic breeders, are not so constrained and can breed at a very early age.
The link between rain and finch production is food supply: seeds and fruits, nectar and pollen, and various arthropods (but particularly caterpillars, spiders, and aphids) all increase with more rain (Grant and Boag 1980 , Boag and Grant 1984 , Price 1985 , Gibbs and Grant 1987a , Grant and Grant 1989 . Among the 12 years when caterpillars were sampled, the pattern of annual variation was clear, in spite of differences in methods of sampling. Their abundance was positively correlated with the number of broods produced and the maximum mean clutch sizes of both species. Other components of nestling diets were sampled in only a few years, yet their annual variation is consistent with that of the relationships for caterpillars (Gibbs and Grant 1987a) . Therefore, enhanced finch production can be interpreted as being primarily the result of enhanced food production. Marked temporal variation in passerine bird production as a result of fluctuations in food supply is a characteristic of seasonally arid habitats in both tropical (Marchant 1960, Grant and and temperate regions (Maclean 1976 , Rotenberry and Wiens 1991 , Morin 1992 , Lloyd 1999 .
Elsewhere, it has been experimentally demonstrated that food supply influences reproduction through the timing of breeding, clutch sizes, and the number of breeding attempts (Smith et al. 1980 , Martin 1987 , Arcese and Smith 1988 , Daan et al. 1989 , Perrins and McCleery 1989 , Sanz and Moreno 1995 Notes: Asterisks indicate significant differences, using SNK post hoc tests, between young and old females: * P Ͻ 0.05, ** P Ͻ 0.01. al , Verhulst et al. 1997 , Korpimäki and Wiehn 1998 . All of these studies were conducted in the temperate zone, where timing is crucial (Perrins and McCleery 1989 , Rowe et al. 1994 , Wiggins et al. 1994 , Young 1994 , Winkler and Allen 1996 , Visser et al. 1998 . Birds that do not breed as soon as food conditions permit (Perrins 1970 ) may experience appreciable fitness loss (Nager and van Noordwijk 1995 , Nilsson and Svensson 1996 , Wiggins et al. 1998 . The experimental approach is not available to us with Darwin's finches. Nevertheless, high annual variation in rainfall, as a proxy measure of total food supply, allows an assessment of this factor through long-term monitoring and statistical comparisons.
Although the food factor is the most important determinant of a lengthened breeding season and large clutch sizes in El Niñ o years, it is not sufficient to explain annual variation in finch production. This is clearly evident in the anomalously low production in both species in 1998, a year with very high rainfall. Two other factors have been identified as important in this study, especially in El Niñ o years. The first is temperature. In multiple regression analyses, the average daily temperature in the warmest two months had an independent negative effect on the number of broods and clutch sizes of both species, and on the breeding success of Geospiza fortis. In all cases, these statistical effects were minor in comparison with major positive effects of rainfall. Thus, the strong tendency for production to increase with total amount of rainfall (and food supply) is offset to a small degree by the high temperatures that accompany high rainfall, perhaps as a result of increased energetic costs of breeding.
The second factor is density-dependent interactions with other finches. Finches compete for food and mates, engage in territorial disputes, visit each others' nests, and kill or remove eggs and chicks (B. R. Grant and P. R. Grant, unpublished observations) ; there are no other nest predators on the island. These interactions are both intraspecific and interspecific. As overall density increases, interactions are expected to become more prevalent and possibly more intense. Interactions have been repeatedly observed but not quantified, nor have the increases in density within seasons been estimated. Negative effects of density on clutch size have been demonstrated in the temperate zone , Both 1998a see also Both 1998b) .
The evidence for effects of density-dependent inter- Notes: Temperature refers to the average air temperature of the warmest two months, and density refers to total number of finches on 1 January. Density makes no significant contribution to any of the analyses (all P Ͼ 0.2), except clutch size.
† For each species and reproductive parameter, the contribution of individual variables is summed. *P Ͻ 0.05; **P Ͻ 0.01; ****P Ͻ 0.0001. actions in our study is indirect. First, a small negative effect of finch numbers on G. scandens maximum clutch sizes was revealed in multiple regression analysis. Second, finch numbers doubled from one year to the next only as the result of prolific breeding in El Niñ o years, with a single exception at the highest density: breeding in 1993 did not result in a doubling of numbers by the beginning of 1994 (Fig. 2) . Third, seasonal declines in clutch sizes and breeding success are not matched by a seasonal decline in food supply, and must be accounted for by other factors. A pulse of food in April 1983 (and two pulses in 1998; Fig. 4 ) did not result in an increase in clutch size, fledging success, or subsequent survival, perhaps as a consequence of interactions at high density as well as prolonged rainfall at this time (Gibbs and Grant 1987a) . Other indications of negative effects of density are lower survival of finches hatched in the second half of 1983 (Gibbs and Grant 1987a) , and inferior growth of finches hatched in the second half of 1987 (Grant and Grant 1995b) compared with those hatched in the first half of the two years. Multiple regression analyses may underestimate the negative effects of interactions associated with density if the interactions increase with density nonlinearly, occur only above a threshhold density, and vary with food supply partly independently of density. Analyses are further limited by our lack of quantitative estimates of densities as they changed during breeding seasons. We suggest that food, temperature, and density factors interact, both seasonally and annually, in the following way. Initial clutch sizes are set by food intake rates that match food availability, and that are higher in El Niñ o years than in non-El Niñ o years. After the first brood has become independent and the second brood is being reared, the energetic costs of reproduction increase: the energetic benefits gained from a readily available and plentiful food supply are reduced by rising energetic costs of nest and territory defense as overall density, of adults and fledglings combined, increases. High air temperatures may contribute to these increasing costs of reproduction and ensuing fatigue. For example, the relatively short breeding season and anomalously low production in 1998, despite the second greatest quantity of rain recorded in 23 years and a sustained, large production of caterpillars and other arthropods, may have been caused by high energetic costs as a result of exceptionally high air temperatures ( Fig. 1 ) and high density (Fig. 2) . There is experimental support from temperate-zone studies for the postulated positive effect of food and negative effect of density on clutch sizes (e.g., Smith 1988, Arcese et al. 1992) .
Rainfall, in addition to enhancing finch production through its effects upon food supply, could occasionally have a negative effect. There are indications of such an effect in the seasonal decline in breeding success of both species in 1983. Observations on both Daphne (Gibbs and Grant 1987a) and Genovesa (Grant and Grant 1989) suggest that prolonged and uninterrupted rain prevents females from simultaneously foraging and brooding eggs or nestlings, and this causes nest abandonment or starvation of nestlings. Foraging success may be lower at such times as a result of lower arthropod mobility and detectability (Rotenberry and Wiens 1991) .
Our suggestions regarding the effects of food, density, rainfall, and temperature on the breeding of finches apply to both G. fortis and G. scandens. Both species responded strongly and similarly to favorable conditions for breeding in El Niñ o years by producing larger clutches and breeding for a longer period. Nevertheless, there are indications of unequal outcomes of those responses, with G. scandens experiencing less success in hatching eggs than G. fortis. It is possible that G. scandens, the more strongly territorial species and more dependent for food from within the territory (Boag and Grant 1984) , experienced more energetic stress than did G. fortis in El Niñ o years. A statistically significant negative relationship between density and clutch size in G. scandens suggests that it is more susceptible than G. fortis to density influences on reproduction through territorial interactions.
These results from a study of variation in El Niño and non-El Niñ o years are not specific to the one island of Daphne, nor are they specific to finches. El Niño events affect all islands in the Galápagos archipelago (Robinson and del Pino 1985 , Wikelski and Trillmich 1997 , although to different degrees and to an unstudied extent in the highlands. Therefore, the breeding responses registered on Daphne are likely to be typical of finch responses elsewhere in the archipelago at low elevations. A parallel study on Genovesa (Grant and Grant 1989 ) provides a check on the generality of the Daphne results. Finch species on Genovesa responded to favorable conditions in 1983 and 1987 in a way similar to that of the congeneric species on Daphne, by breeding longer and producing larger clutches, except when densities were high (Grant and Grant 1989) . The two studies combined, including the rare species G. fuliginosa and G. magnirostris on Daphne, encompass all six species in the ground finch genus Geospiza. The results can be further generalized to other arid regions of the world where a seasonal food supply is governed by annually variable rainfall that occurs erratically in relation to the seasonal progression of photoperiod and temperature (Maclean 1976 , Rotenberry and Wiens 1991 , Morin 1992 , Lloyd 1999 .
We conclude by noting that effects of El Niñ o events on finch populations vary for two main reasons; the climatic perturbations vary in strength and duration, and responses to them are determined, in part, by preceding conditions. Those preceding conditions, in turn, are determined by whether drought or normal conditions precede the perturbation, on the interval since the previous El Niñ o event, and on how these patterns in time have affected finch densities and the vegetation on which the finches depend for food. For example, finch populations responded very differently to the similar rainfall in 1983 and 1998, in large part because the starting densities and vegetation were markedly different; the first of these events followed a dry year and the second followed an El Niñ o year. Our general conclusion is that individual perturbations of natural systems can be fully understood only in a broad, temporal context.
